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ABSTRACT




University of New Hampshire, September, 2006
The use of radiometal-based radiopharmaceuticals for the therapy and diagnostic 
imaging of various diseases is rapidly increasing. Metal complex stability in vivo is an 
important factor to keep the metal chelate intact under physiological conditions for the 
radiopharmaceutical application. A novel class of cross-bridged tetraazamacrocycles with 
nonadjacent nitrogens bridged by an ethylene unit was developed to make metal 
complexes with good thermodynamic stability and higher kinetic inertness towards 
dissociation. Complexes of Ga(III) and In(III) radionuclides are widely used in diagnostic 
imaging and their respective half-lives are convenient for specific diseases. The new 
complexes [In-CB-D02A]+ and [In-CB-TE2A]+ have been prepared by direct and 
indirect routes respectively. In addition, to predict how these complexes will survive in 
vivo, their decomplexation half-lives under forcing conditions are used as first indicators. 
Related diamagnetic Ga3+, In3+, Zn2+, Cd2+, and Hg2+ complexes were also included for 
these acid decomplexation studies by NMR spectroscopy in DCI/D2O solution. In general, 
relative inertness can be correlated to their solid-state structures.
xv




The use of radiometal-based radiopharmaceuticals for the therapy and diagnostic 
imaging of various diseases is rapidly increasing and has been reviewed.1'9 A targeting 
metallo-radiopharmaceutical is constituted from three major components: a radionuclide, 
a bifunctional chelator, and the targeting biomolecule (Figure 1.1). The targeting 
biomolecule, such as an antibody or peptide, is coupled through a bifunctional chelator 








Figure l . l 5 A targeted metallo-radiopharmaceutical.
Somatostatin (Figure 1.2) is a 14-amino acid peptide involved in the regulation 
and release of a number of hormones.1 Somatostatin receptors (SSRs), found on the cell 
surface, occur in a number of different normal organ systems, including the central 
nervous system, the gastrointestinal tract, and the exocrine and endocrine pancreas. In
1
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addition, most human tumors originating from the somatostatin targeted tissue have 
conserved somatostatin receptors and are SSR-positive. While Somatostatin has a very 
short biological half-life, its analogs such as Octreotide have much longer residence
which has a half-life of 117 minutes as compared to approximately one minute for 
Somatostatin itself, making it more suitable for therapeutic and imaging purposes. 
Octreotide has been labeled with 11’in using DTPA (in In-DTPA-octreotide, Figure 1.3) 
and was approved in 1994 for human use in the U.S.A. and Europe as a diagnostic 
imaging agent for neuroendocrine tumors. The targeting of SSRs in tumors has been a 
‘ goal in cancer diagnosis and treatment recently by using somatostatin analogs labeled 
with other radionuclides. ’
Ala - Gly - Cys - Lys - Asn - Phe - Phe - Trp NH2(D)Phe - Cys - Phe - (D)Trp
times.4 For instance, Octreotide (Figure 1.2) is an 8-amino acid somatostatin analog
Cys - Ser - Thr - Phe - Thr - Lys Thr(OL) - Cys - Thr - Lys
Somatostatin Octreotide
Figure 1.2 Structures of Somatostatin and its analog, Octreotide.
O.
(D)Phe— Cys— Phe (D)T rp
Cys Thr Lys
w Thr(OL)
Figure 1.310 Structure of in In-DTPA-Octreotide.
2
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1.2 Gallium(IIl) and Indium(III) Chemistry
1.2.1 Gallium(III) and Indium(IIl) Radionuclides
One of the important factors for the selection of a radiopharmaceutical is its half- 
life. This must be long enough to carry out the desired chemistry to synthesize the 
radiopharmaceutical, but short enough to limit the dose to the patient.4 The in vivo half- 
life also depends on the time required for the pharmaceutical to localize in and clear the 
target tissue. Complexes of Ga(III) and In(III) radionuclides are widely used in diagnostic 
imaging and their coordination and radiopharmaceutical chemistry have been reviewed 
recently.1'5,11,12,13 The half-lives and decay modes of gallium and indium radionuclides 
are summarized in Table 1.1 4
Table 1.14 Gallium and Indium Radionuclides.








Inln 67.9 EC (100%)
1.2.2 Properties of Trivalent Gallium and Indium Cations in Aqueous Solution
Both gallium and indium are in Group 13 of the Periodic Table. Under 
physiological conditions, their most prevalent oxidation state in aqueous solution is +3, 
and this is thus most relevant for radiopharmaceutical chemistry.5 Due to their high 
charge density, Ga(III) and In(III) are both considered to be hard metal ions which prefer
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
chelators with hard donors, such as carboxylate-oxygen and phenolate-oxygen atoms 
with respect to the Hard/Soft Acid/Base theory. Since they are highly-charged cations, 
free hydrated Ga(III) is only present in acidic aqueous solutions (pKa = 2.6) ,14 and 
hydrolyzes nearly completely over a wide pH range with a variety of hydroxide species 
forming as the pH is raised (Figure 1.4, 1.5). It was reported that insoluble Ga(OH)3 is 
the primary species between pH 3 ~ 9.5, whereas above pH 9.6, the soluble gallate anion 
(Ga(OH)4_) forms. Similarly, In(III) also hydrolyzes easily (pKa = 4) ,14 forming insoluble 
hydroxides at pH > 3.4.5 This hydrolysis of Ga3+ and In3+, particularly at pH >  4, poses a 
significant challenge since the precipitation of Ga(OH)3 and In(OH)3 can occur before 





Figure 1.4 Hydrolysis of the hydrated Ga3+ cation
Ga(H20 )63+ Ga(H20 )5(0H)2+ + H30 +
I
Ga(H20 )4(0H)2+ + H30 +
when pH >2.6 Ga(OH)3 } + H30 + 
Figure 1.5 Hydrolysis of the hydrated Ga3+ cation.
4
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In addition, trications are usually much more substitution-inert than dications.14,15 
Some rate constants for water exchange of solvated cations are as follows:15 Cu(OH2)62+:
8 x 109 s'1 ; Zn(OH2)62+: 2 x 107 s'1 ; Ga(OH2)63+: 1 x 103 s'1 ; In(OH2)63+: 2 x 105 s '1. A
relationship of these rate constants to the acidity of the metal cations exists: water 
molecules are much more strongly bound to more acidic metal cations resulting in a 
slower exchange and smaller rate constants during substitution reactions.
For their complexes, Ga( HI) and In( III) have well-established coordination 
numbers of 3, 4, 5, and 6 depending on the ligand, while indium also forms seven- or
i i
eight-coordinate complexes due to its larger size (In : 94 pm vs. Ga : 76 pm for six- 
coordinate complexes).5
1.3 Bifunctional Chelators (BFCs)
One of important factors for the efficacy of a radiopharmaceutical is the metal 
complex stability in vivo in order to keep the metal chelate intact under physiological 
conditions.10 Macrocyclic chelators have been found to form metal complexes with more 
kinetic inertness towards dissociation and greater thermodynamic stability (macrocyclic 
effect) than their acyclic analogues.4 The reason for this drastic difference is due to the 
cyclic nature of the ligand, which hinders a stepwise dissociation from the metal ion and 
concomitant protonation of the amino groups.16
Bifunctional chelators are chelating agents that have a second functionality which 
can covalently attach it to a targeting moiety. There have been many bifunctional 
chelators developed for radiopharmaceutical applications, e.g. NOTA, DOTA, TRITA,
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TETA (Figure 1.6) and their derivatives. Their related BFC coordination chemistry has




ooc V  ' /  coo





















Figure 1.6 Some Common Bifunctional Chelators (BFCs).
1.4 Coordination Chemistry of Gallium and Indium Complexes of Cyclen, Cyclam 
and their derivatives
Bosnich reported in 1965 that cyclam has five possible coordination modes for the 
trans-isomers of their complexes and three for their cis-isomers (Figure 1.7). Cyclen has 
the same possible coordination modes except for the equivalence o f trans-M and trans-
Q "VT # n
IV. ’ The complex of a specific metal cation, however, may favor one coordination 
configuration over the rest. This coordination chemistry of cyclam, cyclen, and their 
derivatives has been studied in detail.8’23-28
6
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Figure 1.7 ’ Possible coordination modes of trans- (top) and cis- (bottom) isomers for 
cyclam.
DOTA and its derivatives are known to form thermodynamically and kinetically 
stable metal complexes with many di- and tri-valent metal ions.2’4,5,9’10’18’29 From the 
solid-state structure (Figure 1.8) of Ga-DOTA-d-PheNFb, the chelator adopts a cis- 1  
pseudo-octahedral geometry with a folded macrocyclic unit. The hexadentate DOTA-d- 
PheNFb coordinates the Ga3+ ion with four nitrogen donors and two carboxylate groups. 
The axial angle 156.3(2)° ofN3-Gal-N5 reveals this distorted geometry. In addition, two 
transannular nitrogens (N2, N4) of the cyclen ring and two corresponding carboxylate- 
oxygen atoms form an almost perfect equatorial plane with a maximum deviation of
7
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0.028 A. Furthermore, the one uncoordinated carboxylate group is deprotonated at 
physiological pH; this structural feature is believed to contribute to a fast and efficient 
excretion of chemicals through the kidney.
Figure 1.829 ORTEP plot of the crystal structure of [Ga-DOTA-d-PheNH2].
Since the coordination number of In3+ is typically 6 or 7, only a few eight- 
coordinated In3+ complexes are known.30 DOTA-AA (AA = p-Aminoanilide), as an 
octadentate ligand, coordinating In3+ with four amine-nitrogen, one amide carbonyl- 
oxygen, and three carboxylate-oxygen atoms to form a twisted square antiprismatic 
geometry in the solid state (Figure 1.9).30 The carbonyl-oxygen , however, may become 
dissociated in solution to give a seven-coordinate solution complex as demonstrated by 
its 'H NMR spectrum (Figure 1.10).
8
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Figure 1.1030 Comparison of the coordination geometry of In(DOTA-AA) in its solid 
state (left) and in solution (right).
9
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1.5 Gallium and Indium Coordination Chemistry of Cross-bridged 
Tetraazamacrocyclic Ligands
m=n=0 and R=H, CB-Cyclen. 
m =n=l and R=H, CB-Cyclam. 
m=n=0 and R=CH2COO', CB-D02A.
R^V V m =n=l and R=CH2COO', CB-TE2A.
\")m
Figure 1.11 Generic structures of cross-bridged ligands.
A novel class of cross-bridged tetraazamacrocycles with nonadjacent nitrogens 
bridged by an ethylene unit was first reported in 1990 by Weisman at UNH .31 A series of 
refined synthetic methods to make the derivatives of the cross-bridged 
tetraazamacrocyles have also been developed (Figure l . l l ) .32'34 The cross-bridged 
ligands were designed to have all four nitrogen donor electron pairs convergent upon a 
molecular cleft (Figure 1.12) for optimal metal binding. These cross-bridged ligands 
improved the kinetic stability of metal complexes significantly compared to related 
cyclam and cyclen ligands or their derivatives. In addition, the cross-bridging ethylene 
allows only the cis-V coordinating ligand conformation (Figure 1.13). N- 
functionalization of these cross-bridged tetraazamacrocyclic ligands with one or two 
neutral or ionizable pendant arms can serve to more completely envelope a 6 -coordinate 
guest cation and does impart significant kinetic inertness to their complexes (Figure 
1.13). In addition, these cross-bridged ligands are proton sponges (for dimethyl CB- 
Cyclam, pKai >13.5 (25 in MeCN) and pKa2 =10.8).31 Therefore, in protic solvents only
10
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most strongly- binding divalent transition metal ions like Cu2+ and Zn2+ readily form 
complexes with these ligands.31,32 This property makes metal complexation difficult
under protic conditions because of the competition between protons and the metal cations 
for the nitrogen donors.
Figure 1.12 Metal complexation of cross-bridged ligands with all four nitrogen donor 
electron pairs convergent upon a molecular cleft
Figure 1.13 (a) Cis-V configuration for the metal complexes o f cross-bridged ligands 
(left); (b) generic structure of a metal complex of a two carboxylate pendant-armed cross­
bridged ligand (right).
The general synthetic route to make cross-bridged ligands is shown in Scheme 
1.1. A broad series of metal complexes of the cross-bridged tetraazamacrocycles and their 
coordination chemistry has been reported, including: Li+, Cr2+, Mn2+, Mn3+, Fe2+, Fe3+,
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pyramidal and tetrahedral have been observed. New dibenzo annelated cross-bridged 
cyclam was first synthesized by Jeffrey S. Condon (Scheme 1.2),42 and later modified by 
Dave Martin using MeOTs instead of Mel for alkylation to improve the yield. These
n.NH HN. 
NH
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Scheme 1.2 Route to dibenzo annelated cross-bridged cyclam.
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ligands are designed to have decreased basicity relative to thecorresponding derivatives 
of cross-bridged cyclams while still retaining the same superior coordination chemistry. 
The annelated aromatic rings also provide a framework for functionalization to attach a 
targeting biomolecule.
Gallium and indium complexes of cross-bridged ligands were first prepared and 
characterized by Niu. These include [GaCl2-CB-Cyclen]Cl, [GaCl2-CB-Cyclam]Cl, 
[InBr2-CB-Cylen]Br, [InBr2-CB-Cyclam]Br, and [Ga-CB-D02A]N03.36’37 Their solid- 
state structures confirmed the cis-folded binding conformation of these cross-bridged 
ligands. These hexacoordinate metal centers all exhibit significant distortions from 
idealized octahedral geometry. The solid-state structure (Figure 1.14) of C2-symmetric 
[Ga-CB-D0 2 A]N03  revealed an enveloped Ga3+ cation within the ligand’s cleft. The 
distortion from an idealized octahedral geometry is observed with an axial N(2)-Ga(l)- 
N(2A) angle of 164.56(9)° and an equatorial N(l)-Ga(l)-N(1A) angle of 86.24(9)°. The 
pseudo-octahedral coordination geometry (Figure 1.15) of O sym m etric [InBr2-CB-
Figure 1.14 X-ray structure of [Ga-CB-D0 2 A]N0 3 .
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Cyclen]Br showed the most distorted geometry amongst the four gallium and indium 
complexes of CB-cyclam and CB-Cyclen with an axial N(2)-In(l)-N(4) angle of 
143.95(12)° and equatorial N(l)-In(l)-N(3) angle of 76.78(12)°. This is the result of the 
misfit of the large In3+ in the small cyclen cavity.
Figure 1.15 X-ray structure of [InBr2-CB-Cylen]Br.
As was observed for Zn(II), C d(II) and H g(II) complexes of cross-bridged 
cyclam and cyclen,40 N-H/N-D exchange at the secondary ligand nitrogens (Figure 1.16) 
was observed for all gallium and indium complexes of cross-bridged cyclam and cyclen 
in D2O or CD3OD (see Chapter 3), suggesting that these N-H protons may be acidic.36 In 
addition, the half-lives of these N-H/N-D exchange for Zn(II), C d(II) and H g(II) 
complexes were also determined by Niu.43
14
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d 2o
or CD3OD
N-H complex N-D complex
Figure 1.16 NH/ND exchange process in D2O or CD3OD.
1.6 Research Goals
This thesis will focus on the gallium(HI) and indium(DI) complexation with a 
family of ethylene cross-bridged tetraazamacrocycles with two carboxylate pendant arms. 
These are of interest because of their potential radiopharmaceutical applications. Besides 
[Ga-CB-D0 2 A]N03  made by Niu, Ga(IH) and In(HI) complexes of cross-bridged
tetraazamacrocycles with two carboxylate arms and dibenzo derivatives are still unknown. 
In order to synthesize these complexes, ligands used were prepared according to previous 
work. The diamagnetic nature of the gallium and indium complexes allowed for routine 
NMR spectral assays of reaction progress. Metal complexes thus synthesized were 
characterized by IR, 'H and 1JC{]H } NMR spectrometry, and ESI-MS methods. Acid- 
promoted dissociation studies were then used to compare the relative kinetic inertness of 
selected complexes.
15
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CHAPTER II
Ga(HI) AND In(III) COMPLEXES OF CROSS-BRIDGED 
TETRAAZAMACROCYCLIC LIGANDS
2.1 Introduction
Ga(IH) and In(III) complexes of pendant-armed cyclam and cyclen derivatives are 
of interest because of their potential radiopharmaceutical application.1'5,11'13 Besides [Ga- 
CB-DO2AJNO3 made by Niu,37 Ga(UI) and In(HI) complexes of the ethylene cross­
bridged tetraazamacrocycles with two carboxylate arms and a dibenzo annelated 
derivative (Figure 2.1) are still unknown.
1 '  /OH J. J y
-  c Y S *  ° c Y J *  c \ )„ a v  y y  ' i  v
Figure 2.1 Cross-bridged ligands studied in Ga(UI) and In(HI) complexations.
The significant challenge in trivalent metal (Ga3+ and In3+) complexation in 
aqueous solution is that the precipitation of Ga(OH)3 and In(OH)3 may occur before the 
pH is high enough for Ga(DI) and In(ID) complexes to form.2,5 Furthermore, the proton-
31 32sponge nature ’ of cross-bridged tetraazamacrocyclic ligands makes the metal ion
16
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binding even more challenging because these ligands bind at least one proton very tightly 
and higher pH is needed to remove the last one or two protons on the protonated cross­
bridged ligand. Only strongly binding metal ions can compete with that proton for the
•71 7 1
cavity. In addition, trivalent metal (Ga and In ) ions are much more kinetically inert
 ^1 ^1 ^1
than divalent Zn , Cd , Hg , and Cu as seen from the reaction rates of their 
octahedral complexes in exchange of solvent water. This can be attributed to a higher 
electrostatic attraction between the central atom and the attached ligands, which will slow 
down any dissociative exchange.14,15 The combination of these properties, therefore, 
ensures that the binding rate of Ga3+ and In3+ in competition with protons for the ligand 
cavity in protic solvents would be much slower than those of most other divalent metal 
ions and makes successful complexation challenging.
2.2 Synthesis and Characterization
2.2.1 Synthesis of the In(M) Complex of H2-CB-D02A-nTFA
CB-D02A.nTFA * [In-CB-D02A.Na0Ac]+ NaBP>l4 ► [ln-CB-D02A/NaOAc]BPh4
NaOAc, MeOH MeOH
reflux, 4d
The same published literature procedures used to prepare [Ga-CB-D0 2 A]NC>3 
developed by Niu were used.37 One equivalent of H2-CB-DO2 A • nTFA (n=4 from its
proton NMR spectrum) in MeOH was added into a solution of In(NOs)3 pentahydrate in 
MeOH and stirred for 10 minutes. Excess sodium acetate (10 equivalents) was then added 
in one portion to this stirred solution. After 4 days of refluxing, an insoluble solid was 
centrifuged off from the cloudy solution and the supernatant was separated and 
evaporated to dryness to give the crude product. From its IR spectrum, the methanol-
17
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insoluble solid contained only sodium acetate and indium hydroxide. Instead of the 
downfield singlet proton NMR resonance (8 3.74) of the methylene protons o f the free 
ligand CH2COO arms, a downfield AB pattern was found for the crude product in 
CD3OD (Figure 2.2(a)). The other proton resonances cannot be readily assigned. The 
13C{1H} NMR spectrum of the crude product showed at least five signals between 52 and 




Figure 2.2 *H NMR spectra comparison (a) crude product in CD3OD (top); (b) [In-CB- 
D0 2 A-Na0 Ac]BPh4 in CD3CN (bottom).
Addition of one equivalent of sodium tetraphenylborate to a MeOH solution of 
the crude product precipitated a white solid (67% yield) which showed eight signals (8 
177.71, 65.23, 61.18, 58.54, 57.11, 54.82, 49.43, 47.98) in the 13C{*H} NMR spectrum 
and two extra signals at 823.46, 174.93 from sodium acetate. These data are very 
different from Niu’s [Ga-CB-D0 2 A]N03  which precipitated from the MeOH and whose
13C{'H) NMR spectrum showed only seven peaks. It is also interesting that the AB 
pattern of the methylene protons on the complex arms in the proton NMR spectrum of 
[ln-CB-D02A]+ in CD3OD became a singlet (8 3.57) in CD3CN (Figure 2.2(b)).
18
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From the major peak (m/z -  509) of the compound’s FAB Mass spectrum (Figure
2.3), [In-CB-D02A.Na0Ac]+ exists as an entity. There is thus an additional sodium 
acetate attached to the In(HI) complex core. This is confirmed by its IR spectrum (Figure
2.4) which showed two carbonyl stretching bands (1659.2, 1620.9 cm'1): one is from the 
pendant arm carboxylate and the other is from acetate. Further, the integration of the 
singlet proton NMR resonance at 8 3.60 versus that of the phenyl resonance at 8 6.85 
reveals one tetraphenylborate anion for each [In-CB-D02A-Na0Ac]+ complex cation,
suggesting the empirical formula to be [In-CB-D02A • NaOAc]BPli4. This has been
confirmed by CHN analyses. However, none of the proposed structures (Figure 2.5), 
while consistent with the 13C data, can explain the downfield methylene singlet at 8 3.57 
in the proton NMR spectrum unless they are accidentally overlapping (isochronous) and 
chemical shifts may thus make the diastereotopic Ha and Hb equivalent (a singlet). 




300 700 900 1000500 600
Figure 2.3 FAB (positive mode) mass spectrum of [In-CB-D02A -NaOAcjBPLt.
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Figure 2.4 IR spectrum of [In-CB-D02A -NaOAc]BPh4.




Figure 2.5 Possible structures of [In-CB-D0 2 A*Na0 Ac]BPh4.
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A second method to isolate the [In-CB-D02A]+ cation was tried. Addition of 
concentrated aqueous HC1 to a CH3CN solution of [In-CB-D02A • NaOAc]BPh4 
precipitated a white solid. Interestingly, the AB pattern of the CH2COO arms in the 
proton NMR spectrum in D20  appeared and the relative integrations are: 8 3.74 (AB 
pattern of CH2COO, 4H), 3.62-3.44 (m, 6H), 3.36-3.12 (m, 12H), 2.98-2.90 (dd, 2H) 
(Figure 2.6). The 13C{1H) NMR spectrum showed eight resonances as before (Figure
   , _•
ppm <f-t-*.oo 3.00
Figure 2.6 ]H NMR spectrum of [In-CB-D02A]+.
 ;-- ,--- a,-----r---- - --
ppm (f "1 > 200
»UhU>.. I, wwim «
d (j»lw JL
ppm (t1 > 200
Figure 2.7 ^Cl'H} NMR spectra comparison (a) “[In-CB-D02A]Cl” in D20  (top); (b) 
[In-CB-D02A • NaOAcJBPhq in CD3CN (bottom).
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Figure 2.8 2D [*H, 13C] HMQC spectrum of “[In-CB-D02A]C1”.
2.7). In addition, the most downfield methylene resonance (8 64.20) in its 13C{]H} NMR 
spectrum can be assigned to the methylene carbon of the acetate arm by a 2D ['H, l3C] 
HMQC spectrum (Figure 2.8). The acetate anion coordinated to the indium(III) ion
center in the [In-CB-D02A • NaOAc]BPh4 is now absent, as confirmed by its lH and 
^ C l’H} NMR spectra in D2O. Although its IR spectrum (Figure 2.9) showed that the 
two carboxylate pendant arms are fully protonated (v c o o h : 1726.8 (s) cm'1), the AB 
pattern of the CH2COO arms in the ]H NMR is evidence that the arms remain 
coordinated to the indium(HI) ion center, most likely through the carbonyl oxygens.
Furthermore, the ESI-MS (positive mode) spectrum (Figure 2.10) of [In-CB-D02A]C1 
showed m/z = 482.2 for {[In-CB-D02A]C1 + Na}+ and m/z = A l l .2 for [In-CB-D02A]+.
22
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However, the yield is low (30-40%) and the CHN analyses showed the product to contain 
extra HC1 as well as NaCl: [In-CB-D02A]Cl(NaCl)2(HCl)3. Efforts to grow X-ray 
quality crystals were unsuccessful.
0 O
9000
Figure 2.9 IR spectrum of “[In-CB-D02A]Cr.
lnCBDO2A-CI#1-30 RT: 0.01-0.46 AV: 30 NL:5.07E6 
T: * p  Full ms {350.00-1100.00)
Figure 2.10 ESI-MS (positive mode) spectrum of “[ln-CB-D02A]Cl”.
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In a third variation, several other counterions were tried to precipitate the [In-CB- 
D02A • NaOAc]+ cation from methanol solution. These included NaC104, NaSCN, 
NH4PF6, K0C6H2(N02)3 (potassium picrate), NaBF4, and KI. Since none of these 
precipitated the cation [In-CB-D02A-Na0Ac]+, the solutions were left in the hood to
evaporate slowly. However, no X-ray quality crystal ever formed.
Finally, since excess nitrate and acetate anions are present in the crude reaction 
mixture, the crude reaction solution was dissolved in water and passed through an anion 
exchange resin saturated with CF. The eluant was collected and evaporated to dryness. 
From its *H and ^ C j’H} NMR spectra in D2O, no sodium acetate remained. Crystal 
growing was tried but again no X-ray quality crystals formed.
2.2.2 Attempted H2-CB-TE2A.nTFA complexation of Ga(HI) and In(HI)
Metal Salts
H2-CB-TE2A.r)TFA " [In-CB-TE2A]+ »
reflux, 4d
Base/Solvent: © NaOH/H20
© NaOAc/MeOH, Na2C 03/Me0H, or Cs2C 0 3/Et0H 
<D Cs2C 0 3/CH3CN, NaH/THF, K3P 0 4/DMF, or 
Phosphazene Base P2-t-Bu (pKa = 30.25 in DMSO) 44(a) 
/THF
Several different reaction environments were tried including aqueous solution, 
protic and aprotic solvents with various bases. General procedures for these conditions 
were as follows.
© In order to reduce the number of protons on the protonated ligand in aqueous 
solution, enough aqueous sodium hydroxide was added to adjust the pH to 9 or even 12,
24
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followed by addition of indium or gallium nitrate hydrate. After refluxing for 4 days, only 
protonated ligand was obtained, as shown by its ’H and 13C{1H} NMR spectra.
© To a stirred solution of indium or gallium nitrate hydrate, or anhydrous indium 
bromide or gallium chloride in anhydrous alcoholic solvent (methanol or ethanol), an 
equivalent of H2-CB-TE2A-nTFA in the same anhydrous alcoholic solvent was added in
one portion. Excess sodium acetate, sodium carbonate, or cesium carbonate in anhydrous 
alcoholic solvent was then added into this solution. The reaction was refluxed 4 days and 
then centrifuged to remove the insolubles. The supernatant was evaporated to dryness. To 
compare the 13C{'H} NMR spectra, H2-CB-TE2A • nTFA was dissolved in CD3OD and 
then excess sodium acetate was added. Its ^Cf'H } NMR spectrum showed almost the 
same signals as for the reaction mixture, indicating presence of protonated uncomplexed 
ligand only.
® To the aprotic solvent suspension of the H2-CB-TE2A • nTFA was added 
cesium carbonate, sodium hydride, potassium phosphate, or phosphazene base P2-t-Bu 
(pKa = 30.25 in DMSO)44(a) for deprotonation. A slight excess of anhydrous metal salt 
(GaCE or InBra) in the aprotic solvent was then added to this mixture. After 4 days of 
refluxing and normal workup, there is only protonated ligand produced as confirmed by 
its 'H and NMR spectra.
All attempts at making Ga(in) and In(IH) complexes of CB-TE2A have failed so
far. There are some conclusions to be made from the above attempts. When higher pH 
was used to help deprotonate the ligand in aqueous solution in ©, since free hydrated 
Ga(IlI) is only stable under acidic conditions, it hydrolyzes nearly completely over a wide 
pH range forming with various hydroxide species as the pH is raised. It was previously
25
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reported that insoluble Ga(OH)3 is the primary species between pH 3 ~ 9.5, whereas 
above pH 9.6, the soluble gallate ion (Ga(OH)4_) forms.2,5 Most gallium complexes 
actually decompose to Ga(OH)4‘ at high pH. In(III) also hydrolyzes easily, forming 
insoluble hydroxides at pH > 3.4.
Carbonate is a not strong enough base to completely deprotonate H2-CB-TE2A. 
The attempted complexation of anhydrous indium bromide with H2-CB-TE2A.nTFA by 
using cesium carbonate in absolute ethanol for several days yielded only oligomeric 
products from its ESI-MS spectrum (Figure 2.11) although its 13C{1H} NMR spectrum 
(Figure 2.12) looked promisingly simple.
When a stronger base than OH- was used for deprotonation in (D, any moisture 
should be avoided due to the immediate precipitation of Ga(OH)3 and In(OH)3. Such 
moisture may be from the nitrogen atmosphere, glassware, sample preparation in the air, 
or cross-bridged ligands. Absolutely anhydrous conditions may be required to make this 
complex successfully.
Figure 2.11 ESI-MS spectrum of crude product of attempted complexation in EtOH.
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Figure 2.12 C{ H} NMR spectrum of crude product of attempted complexation in 
EtOH.
Indirect Routes
2.2.3 Attempted In(M ) Complexation with *Bu2-CB-TE2A
To avoid protonated ligand formation from residual TFA used in deprotection, the 
diester tert-Bu2-CB-TE2A was used to complex the indium cation first. Afterwards, the 
tert-butyl groups may be deprotected by excess TFA. 4Bu2-CB-TE2A was therefore 
reacted with 1 equiv of indium bromide in the anhydrous aprotic solvent acetonitrile or 
toluene by 4 days of refluxing. From the IR spectrum (Figure 2.13) of the precipitated 
product, the carbonyl stretching region showed two bands: 1625 cm'1 (major band), and 
1736.7 cm'1, suggesting that some of the lBu-ester had been deprotected, most likely by 
the strongly Lewis acid In3+. There are some examples in the literature for ester 
deprotection using TiCL, AlBr3, BCI3, and SnCL Lewis acids 44(b,c) Furthermore, the
13 1C{ H} NMR spectrum of the precipitate in D2O showed almost the same resonance 
with that of the protonated H2-CB-TE2A • nTFA (Figure 2.14). Silver nitrate in H2O was
used to precipitate silver bromide from the precipitate product in H2O, suggesting thp 
presence of bromide anions contained in this precipitate mixture.
27
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Figure 2.13 IR spectrum of precipitated product of attempted In(DI) complexation of 
*Bu2-CB-TE2A.




Figure 2.14 l3C{lH} NMR spectra comparison (a) precipitated product in D2O (top); (b) 
protonated H2-CB-TE2A.nTFA in CD3CN (bottom).
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2.2.4 Arming (alkylation) of [InBr2-CB-Cyclam]Br
[InBr2-CB-Cyclam]Br and [GaBr2-CB-Cyclam]Br were first synthesized by Niu 
and their NH/ND exchanges were observed in D2O or CD3OD, suggesting these protons 
are acidic enough to exchange with deuteriums in solution. In addition, because free 
trivalent indium or gallium ion is more likely to precipitate out of solution than their 
complexes, the idea here is to use [InBr2-CB-Cyclam]Br or [GaBr2-CB-Cyclam]Br as the 
precursor for arming by alkylation.
Early attempts were performed in basic aqueous solution (2 equiv. NaOH) by 
using sodium bromoacetate (2 equiv.) as the alkylating agent, (sodium bromoacetate was 
prepared as described previously),45 with [lnBr2-CB-Cyclam]Br. After 4 days of 
refluxing, the evidence from the crude product *H NMR (a singlet for the CH2COO) in 
D2O and ESI-MS spectrum showed no armed product. Instead, HOCH2COOH (glycolic 
acid) was produced during this reaction as confirmed by its 'H and 13C{]H} NMR data.46 
Clearly, sodium bromoacetate is not very stable to hydrolysis and it may even 
oligomerize in aqueous solution under reflux.47
An alternative way was tried using excess ethyl bromoacetate as the alkylating 
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carbonate as the base were added into an anhydrous MeCN solution of [InBr2-CB- 
Cyclam]Br. This cloudy mixture was stirred at reflux under nitrogen. After 4 days, the 
insoluble sodium carbonate was centrifuged and the supernatant was decanted off and 
evaporated to dryness to give the crude product after washing out excess alkylating agent 
(ethyl bromoacetate) with diethyl ether to give an off-white solid (77 % yield).
This complex has been characterized by elemental analysis, IR, ESI-MS, *H and 
P c i 'l l}  NMR methods. Instead of the singlet proton NMR resonance of the methylene 
protons of the alkylating agent ethyl bomoacetate, an AX pattern for the CH2COOEt arms 
was found in CD3CN (Figure 2.15). This confirmed that the CH2COOEt arms have been 
successfully attached to the [InBr2-CB-Cyclam]Br complex. From its ]H NMR spectrum, 
a doublet of multiplets of the most upfield resonance (8 1.76-1.84) can be assigned to the 
equatorial protons of the P-methylene in the six-membered chelate ring (P-CHHe<?), 
whereas the second-most upfield resonance (5 2.28-2.42) belongs to the axial protons (P- 
CHHox). The resonances of the AX pattern (8 4.32 and 3.81, J = 17.44 Hz) o f the 
CH2COOEt arms for [InBr2-Et2-CB-TE2A]Br are farther apart compared to those (AB, 8 
3.08 and 3.20, J = 16.7 Hz) for the ligand Et2-CB-TE2A.33 As expected for C2 symmetry, 
there are ten resonances in its ^ C l’H) NMR spectrum (Figure 2.16): 8 168.46, 62.24 
(OCH2CH3), 60.04, 57.74 (CH2COO), 56.22, 54.91, 49.50, 46.70, 23.79 (CH2CH2CH2), 
14.41 (OCH2CH3). The assignments for 8 62.24, 57.74, 23.79 and 14.41 signals were 
deduced from its 2D []H, 13C] HMQC spectrum (Figure 2.17)
30
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Figure 2.15 'H NMR spectrum of [InBr2-Et2-CB-TE2A]Br in CD3CN.
JU
pprfiQCI >
Figure 2.16 ^C ^H } NMR spectrum of [InBr2-Et2-CB-TE2A]Br in CD3CN.
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Figure 2.17 2D ['H, 13C] HMQC spectrum of [InBr2-Et2-CB-TE2A]Br
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The ESI-MS (positive mode) spectrum (Figure 2.18) of [InBr2-Et2-CB-TE2A]Br 
showed a molecular ion at m/z = 673.2 for [InBr2-Et2-CB-TE2A]+. The IR spectrum 
(Figure 2.19) of [InBr2-Et2-CB-TE2A]Br showed a strong band at 1740 cm'1 due to the 
uncoordinated ethyl ester carbonyl groups, and a strong and broad band at 3450 cm'1 due 
to waters of crystallization. The elemental analysis data are completely consistent with 
the proposed formula [InBr2-Et2-CB-TE2A]Br • H2O whose structure has been confirmed 
by a low-quality X-ray structure (Figure 2.20).
w db095s #1-50 RT; 0.01-1.06 AV. 50 N U7.57E6 
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Figure 2.18 ESI-MS (positive mode) spectrum of [InBr2-Et2-CB-TE2A]Br.
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Figure 2.20 ORTEP drawing of [InBr2-Et2-CB-TE2A]Br • H20  (ellipoids are at 50% 
probability). Water molecules, uncoordinated bromide and hydrogen atoms are omitted 
for clarity. Selected bond distances (A) and bond angles (deg): In-N2 2.22(3), In-N4 
2.31(3), In-N3 2.39(2), In-Nl 2.41(3), In-Brl 2.565(5), In-Br2 2.598(5), N l-In-N 3 
167.5(9), N2-ln-N4 77.8(10).
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The X-ray structure (Figure 2.20) of the [InBr2-Et2-CB-TE2A]Br complex 
confirmed that two CF^COOEt arms are indeed attached to the precursor [InBr2-CB- 
CyclamjBr complex. It has a distorted octahedral coordination geometry with an axial 
N l-In-N 3 bond angle of 167.5(9)° and equatorial N2-In-N4 angle of 77.8(10)°, which 
are similar to its precursor [InBr2-CB-Cyclam]Br data (164.29(12)° and 78.89(9)° 
respectively).36 The equatorial In-N bonds are slightly shorter (2.22(3) and 2.31(3) A) 
than the axial ones (2.39(2) and 2.41(3) A). In addition, the two In-Br bond lengths are 
2.565(5) and 2.598(5) A, which are similar to those for [InBr2-CB-Cyclam]Br (2.5806(4) 
and 2.6079(4) A).
2.2.5 Synthesis of “ [In-CB-TE2A]Br”
Synthesis of [In-CB-TE2A]Br from [InBr2-Et2-CB-TE2A]Br was straightforward. 
Two equivalents of aqueous sodium hydroxide solution (1.0441 N) was added to 
hydrolyze the two ethyl acetate arms (CFhCOOEt) of the complex [InBr2-Et2-CB- 
TE2A]Br. After 24 hours of refluxing, this clear aqueous solution was evaporated to 
dryness to give an off-white crude product. This has been characterized by IR, ESI-MS, 
and ]H and 13C{'H} NMR methods. From the major peak (m/z = 455.3) of the 
compound’s ESI-MS (positive mode) mass spectrum (Figure 2.21), [In-CB-TE2A]+ 
exists as an entity consistent with no bromide attached to the indium (IH) ion center, and
the two ethyl acetate arms had indeed hydrolyzed to give coordinated carboxylates. The 
IR spectrum (Figure 2.22) of [In-CB-TE2A]Br shows strong asymmetric carboxylate 
bands at 1643.9 and 1627.0 cm'1.
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Figure 2.21 ESI-MS (positive mode) spectrum of [InBr2-CB-TE2A]Br.
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Figure 2.22 IR spectrum of [In-CB-TE2A]Br.
The 'H (Figure 2.23) and ^C l'H } (Figure 2.24(a)) NMR spectra in D2O are 
dynamically broadened, suggesting that [In-CB-TE2A]+ is fluxional in solution at room
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
temperature most likely due to a dynamic equilibrium involving carboxylate arms/solvent 
exchange in D2O (Figure 2.25). This dynamic process is relatively slow on the NMR 
time scale leading to broadened signals. To further investigate this, variable temperature 
!H and NMR spectral studies were carried out. Three deuterated NMR solvents
(D2O, CD3CN, CD3OD) were used to perform  variab le-tem perature  studies.
Figure 2.23 !H NMR spectrum of [In-CB-TE2A]Br in D2O.
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Figure 2.24 Variable temperature ^ C l ’H} NMR spectra of [In-CB-TE2A]Br at (a) 25 °C 
in D20  (top); (b) 85 °C in D20  (middle); (c) -80 °C in CD3OD (bottom).
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As the temperature was increased to 85 °C in D2O from room temperature all
resonances in the aliphatic region sharpened (Figure 2.24(b)), suggesting a faster 
dynamic exchange process on the NMR timescale consistent with time-averaged C2 
symmetry showing 8 resonances.
Low-temperature NMR experiments can be used to slow down this process. Two 
low-temperature NMR experiments were performed. Addition of a saturated methanol 
solution of sodium tetraphenylborate to the crude product in methanol prepicipitated a 
white solid, assumed to be “[In-CB-TE2A]BPh4”. This was dissolved in CD3CN. The 
other experiment used the crude [In-CB-TE2A]+ in CD3OD. Low temperatures of -49°C 
in CD3CN and -80°C for CD3OD (Figure 2.24(c)) were reached. However, we were not
able to reach the slow-exchange limit as only broadened 'H and NMR spectra
were observed. This suggested that the slow exchange limit was not reached even at - 
80°C in CD3OD. Further investigation was curtailed because of the low-temperature 
limitation (-80°C) of the Varian NMR instrument.
Figure 2.25 A possible dynamic process of [In-CB-TE2A]+. (Sol. = solvent)
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Attempts to grow X-ray quality crystals were made by exchanging the counterion 
of the crude product [In-CB-TE2A]Br. A saturated methanol solution of sodium 
tetraphenylborate was used to precipitate [In-CB-TE2A]+ from methanol. The CHN 
analyses, however, did not confirm the expected formula of [In-CB-TE2A]BPh4, showing 
a mixture containing excess tetraphenylborate anions for each cation part instead. [In-CB- 
TE2A]C104 was precipitated from ethanol solution of the crude product with sodium 
perchlorate. Diethyl ether diffusion was used to grow crystals in CH3CN. No precipitate 
was formed from methanol solutions of the crude product with either NH4PF6 or 
potassium picrate, so these solutions were left for slow evaporation. In addition, 0.1 M 
and 1 M perchloric acid solutions of the product were similarly used for crystal growing. 
Unfortunately, none of these methods gave X-ray quality crystals.
2.2.6 Attempted Synthesis of the Gallium (HI) Complex of CB-TE2A (Attempted
alkylation of [GaBr2-CB-Cyclam]Br)
Since [InBr2-Et2-CB-TE2A]Br was successfully made by using [InBr2-CB- 
CyclamjBr as the precursor, the same synthetic method was carried out for the Ga 
analogue. Excess ethyl bromoacetate as the alkylating agent and excess sodium carbonate 
as the base were added to an anhydrous MeCN solution of [GaBr2-CB-Cyclam]Br, which 
showed poor solubility in CH3CN. This cloudy mixture was stirred with reflux under 
nitrogen. After 4 days, the insoluble solid was centrifuged off and the clear supernatant 
was separated and evaporated to dryness to give the crude product. Washing out the 
excess ethyl bromoacetate in the crude product with diethyl ether gave an off-white solid 
residue. Unlike the well-resolved ]H and 13C{!H} NMR spectra for the [InBr2-CB-
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Cyclam]Br alkylation reaction described above, these *H , 13C{’H} NMR, and ESI-MS 
spectra, however, showed mixtures including the starting material [GaBr2-CB-Cyclam]Br. 
In order to improve the precursor Ga complex’s solubility problem, more solvent, ethyl 
bromoacetate, and sodium carbonate were used. Reaction time was extended to 14 days 
of refluxing. After the same workup procedure as before, 'H, ^ C l’H} NMR, and ESI-MS 
spectra still showed a complicated mixture. The ESI-MS (positive mode) spectrum 
(Figure 2.26) of this solid product showed several species but not the target product 
[GaBr2-Et2-CB-TE2A]+. Some proposed species were suggested and the isotope patterns 
simulated for these peaks (Figure 2.27).48
135s#1-60  RT: 0.01-0.72 AV: 60 N L1.34E7 
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Figure 2.26 ESI-MS (positive mode) spectrum of the supernatant for the preparation of 
[GaBr2-Et2-CB-TE2A]+.
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Figure 2.27 Proposed products based on the ESI-MS spectrum.
There are several possible explanations for this failure to alkylate. While the high 
positive charge and small size for gallium (HI) should render the N-H protons on the 
[GaBr2-CB-Cyclam]Br more acidic than those on the corresponding indium (HI) complex,
the resulting nitrogen lone pairs of the deprotonated gallium complex should be less 
nucleophilic. In addition, there are two large bromide anions attached to the small 
gallium and their steric hindrance may also prevent a facile alkylation process. 
Furthermore, poor solubility of the [GaBr2-CB-Cyclam]Br complex and heterogeneous 
nature of sodium carbonate in CH3CN probably made the alkylation even slower.
In order to test how acidic the N-H protons in [GaBr2-CB-Cyclam]Br are, sodium 
carbonate (6 equiv.) and sodium acetate (20 equiv.) were used as base respectively. From 
the extent of NH/ND exchange in the 'H  NMR spectra (Figure 2.28) in D2O, 6 
equivalents of sodium carbonate were sufficient to exchange [GaBr2-CB-Cyclam]Br in 5 
minutes while even 20 equivalents of sodium acetate were not. Therefore, the 10 equiv. 
sodium carbonate actually used for the alkylation reaction should be enough to exchange 
it. From the m/z = 293.3 peak of the ESI-MS spectrum (Figure 2.26), [(Ga-CB-Cyclam)- 
2H]+ did appear to be present in the reaction mixture.
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Figure 2.28 'H NMR spectra of NH/ND exchange of [GaBr2-CB-Cyclam]Br in D2O: (a) 
complex only (top); (b) complex + 6 eqv. sodium carbonate (middle); (c) complex + 20  
eqv. sodium acetate (bottom).
Although several attempts to make [GaBr2-Et2-CB-TE2A]Br were failed, the 
successful preparation of [InBr2-Et2-CB-TE2A]Br suggests that if  the right aprotic
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
solvent or solvent mixture can be found to improve the solubility of [GaBr2-CB- 
Cyclam]Br, it may eventually be possible to synthesize [GaBr2-Et2-CB-TE2A]Br. In 
addition, microwave irradiation is a promising future procedure to use to overcome this 
solubility problem and the heterogeneous nature of this synthesis.
2.2.7 Attempted In(HI) Complexation of Dibenzo Annelated Cross-Bridged Cyclam
New C2-symmetric dibenzo annelated cross-bridged cyclams have been 
synthesized first by Jeffery Condon.42 An improved synthetic procedure was attained by 
David Martin. It is believed that these compounds will have decreased basicity compared 
to corresponding cross-bridged cyclams. Because copper(ll) complexes of dibenzo 
annelated cross-bridged cyclams were successfully prepared from refluxing methanol 
solution, similar conditions were used here. To a suspension of N,N’-dimethyl dibenzo 
cross-bridged cyclam (supplied by David Martin) in anhydrous methanol, one equivalent 
of indium bromide in anhydrous methanol was added. After 4 days of refluxing, a small 
amount of insoluble solid was centrifuged off, and the supernatant was separated and 
evaporated to dryness. The 'H NMR spectrum (Figure 2.29(a)) of the crude product in 
D2O showed only broadened peaks, suggesting a dynamic process for the product. 
However, there are several small broad signals around 8 10-13 (Figure 2.29(b)) in 
CD3CN likely due to N-H protons o f a protonated ligand. This was confirmed by its ESI- 
MS spectrum. X-ray quality crystals of this protonated ligand were obtained by diffusion 
of diethyl ether into the crude product in methanol.
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- | 0.0 o  . 0
Figure 2.29 (a) ’H NMR spectrum of protonated dibenzo annelated dimethyl CB-Cyclam 
in D2O.
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Figure 2.29 (b) 'H NMR spectrum of protonated dibenzo annelated dimethyl CB-Cyclam 
in CD3CN.
The crystal structure (Figure 2.30) obtained shows a mono-protonated ligand 
with an indium tetrabromide anion: [H-Me2-Bz2-CB-Cyclam]+[InBr4]“. All four nitrogen 
lone pairs are convergent upon the ligand cleft and the two amino pairs are pointed 
directly at one another. The protonation hydrogen was not located in the crystal structure; 
however, according to the bond angle data, the proton is most likely located between N2 
and N4 due to their nearly tetrahedral angles.
Because of the proton-sponge character of the cross-bridged ligands, the presence 
of any moisture or acidic proton sources easily results in the formation of undesired 
protonated ligands. Early attempts at Ga(IH) or In(HI) complexations of cross- bridged
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Figure 2.30 ORTEP drawing of [H-Me2-Bz2-CB-Cyclam][InBr4] (ellipoids are at 50% 
probability). Hydrogen atoms are omitted for clarity. Selected bond angles (deg): Cl 8-  
N l-C l 113.5(5), C18-N1-C19 112.3(4), C1-N1-C19 114.4(5), C21-N2-C2 109.9(4), 
C21-N2-C3 108.4(4), C2-N2-C3 110.7(4), C9-N3-C10 115.4(5), C9-N3-C20 114.7(5), 
C10-N3-C20 114.8(5), C22-N4-C11 113.0(5), C22-N4-C112 107.2(5), C11-N4-C112 
108.5(5).
ligands indeed yielded a mixture of complex and protonated ligand when using metal 
hydrate salts or reactions in protic solvent.43 This was overcome by using anhydrous 
metal salts in anhydrous aprotic solvent to successfully make [GaCh-CB-CyclamJCl, 
[GaCb-CB-CyclenJCl, [InBr2-CB-Cyclam]Br, and [InBr2-CB-Cyclen]Br.36 However, 
several trials here using anhydrous metal salts and aprotic solvents still failed to yield 
Ga(IH) or In(HI) complexes of N,N’-dimethyl pendant-armed dibenzo annelated cross­
bridged cyclam, suggesting that strictly anhydrous condition may be critical for 
successful metal complexation.
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Hubin et al. reported a series of transition metal complexes of N,N’-dimethyl 
cross-bridged cyclams by reacting anhydrous metal salts and completely deprotonated 
ligands (vacuum distillation from KOH after benzene extraction from pH ^  14 water) in
<JC
rigorously dry aprotic solvents in an inert atmosphere glovebox. Because N,N’- 
dimethyl dibenzo annelated cross-bridged cyclams should be less basic than N,N’- 
dimethyl cross-bridged cyclam, their Ga(DI) or In(HI) complexes should be possible to 
prepare using similar methods.
2.3 Synthesis of Hg-CB-D02A
In order to investigate the kinetic inertness of the Hg2+ complex of CB-D02A in 
Chapter 3 and since there was no preparative procedure for it previously, a similar 
synthetic preparation for Niu’s Zn(n) and Cd(II) complexes of CB-D02A was used.37 
In the presence of a stoichiometric amount of aqueous sodium hydroxide, a methanol 
solution of HgCl2 and CB-D02A.2TFA was refluxed for 48 hours. Some white insoluble 
precipitate was centrifuged off. Diethyl ether vapor diffusion into this supernatant yielded 
a white crystalline solid.
This complex has been characterized by IR, and ’H and 13C{!H} NMR 
spectroscopic methods. 199Hg has a nuclear spin 7 = 1/2, a natural abundance of 16.84% 
and reasonable receptivity (5.42 with respect to 13C).49 This provides a useful tool for 
investigation and characterization of mercury ( I I ) complexes. This mercury ( I I ) 
complex indeed exhibited 'H -199Hg and 13C-,99Hg coupling satellites in its respective 'H 
and ^Cf'H} NMR spectra in D2O. The NMR spectrum (Figure 2.31) clearly showed 
199Hg satellites around both the methylene of the pendant arm (singlet at 5 3.48, CH2COO,
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J = 30.2 Hz) and the cross-bridged ethylene (singlet at 8 2.92, cross-bridging CH2CH2, J 
= 26.0 Hz). The 13C-199Hg coupling satellites in its 13C{'H} NMR spectrum (Figure 2.32) 
in D2O appeared around all five signals including the carboxylate carbon resonance. 
Their coupling constants are as follows: 8 178.40 (J = 11.7 Hz), 64.77 (J = 5.4 Hz), 60.15 
(J = 8.9 Hz), 57.01 (J = 20.7 Hz), 46.27 (J = 22.9 Hz). These confirmed that the Hg2+ 
cation in this complex is coordinated by all four amine nitrogen donors from the 
hexadentate GB-D02A in D2O and that the CB-ligand remains fully coordinated in 
solution. Further, the implied C2V structural symmetry suggests that the pendant arms are
Figure 2.31 *H NMR spectrum of Hg-CB-D02A in D2O.
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Figure 2.32 ^ C l’H} NMR spectrum of Hg-CB-D02A in D20 .
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rapidly exchanging (Figure 2.33) as previously observed for the zinc analog.37(a) Its IR 
spectrum (Figure 2.34) showed strong carboxylate asymmetric stretching bands at 1578 
and 1570 cm'1.
Figure 2.33 A dynamic CVsymmetric enantiomerization of Hg-CB-D02A.
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Figure 2.34 IR spectrum of Hg-CB-D02A.
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2.4 Summary and Conclusions
The [In-CB-D02A • NaOAc]BPh4 and [In-CB-D02A]C1 complexes were
1 13 1successfully made and characterized by elemental analysis, IR, MS, H and C{ H) 
NMR methods. However, there is no proposed structure consistent with both its *H and 
13C{'H) NMR spectra unless there are accidentally overlapping (isochronous) and 
chemical shifts may thus make the diastereotopic Ha and Hb equivalent (a singlet).
Successful alkylation (arming) of [InBr2-CB-Cyclam]Br yielded [InBr2-Et2-CB- 
TE2A]Br-H20  which has been characterized by elemental analysis, IR, ESI-MS, 'H  and 
b C{'H} NMR methods, as well as a low quality X-ray structure. [In-CB-TE2A]Br was 
successfully made through hydrolysis of [InBr2-Et2-CB-TE2A]Br and showed a dynamic 
equilibrium in methanol even down to -80 °C.
Several attempts at alkylation of [GaBr2-CB-Cyclam]Br to make [GaBr2-Et2-CB- 
TE2A]Br have failed due to poor solubility of [GaBr2-CB-Cyclam]Br, and perhaps 
lowered nucleophilicity as well as more hindered nitrogen lone pairs relative to those of 
the corresponding indium complex. Interestingly, the ESI-MS spectrum showed that the 
product mixture may contain [(Ga-CB-Cyclam)-2H]+. In the future, microwave 
irradiation will be a good choice to overcome these slow alkylation problems.
CB-TE2A complexation with trivalent metals remains challenging due to its 
proton sponge nature. As mentioned before, the binding rate of Ga3+ and In3+ when 
competing with protons for the binding cavity in protic solvents should be much slower 
than those of most divalent metal ions to make complexation challenging. Microwave 
irradiation should also speed up this slow complexation to drive the reactions to 
completion.
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Because N,N’-dimethyl dibenzo annelated cross-bridged cyclams should be less 
basic than N,N’-dimethyl cross-bridged cyclams, Ga(UI) or In(HI) complexes of N,N’- 
dimethyl pendant-armed dibenzo annelated cross-bridged cyclams should be accessible 
using strictly anhydrous reaction conditions.
To prepare Ga(IE) and In(IH) complexes, a transfer ligand exchange is often used
since the precipitation of Ga(OH)3 and In(OH)3 occurs more rapidly than slow 
complexation with some ligands.5 This was actually attempted by making a Ga-citrate 
complex first in situ, 50 then adding sufficient base with protonated H2-CB-TE2A in 
aqueous solution. However, no reaction was detected by NMR after two weeks of 
refluxing. Finally, metal exchange or transmetallation is also an alternate approach to 
make these complexes. For example, the known Hg or Cd complex of CB-TE2A may be 
used to transmetallate Ga3+ or In3+ in an appropriate solvent.
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CH APTER ID
KINETIC INERTNESS STUDIES OF DIAMAGNETIC METAL COMPLEXES
OF CROSS-BRIDGED LIGANDS
3.1 Introduction
Acid-promoted dissociation studies have been used to compare the relative kinetic 
inertness of selected metal complexes o f many polyamines, especially those of Cu(II)
and Zn( II ) .19,51 The dramatically-increased kinetic inertness of Cu( I I ) and Zn( n ) cross­
bridged complexes is due to the result o f their added cross bridges.37(b)’40 This enhanced 
inertness results in dramatically slowed acid-catalyzed dissociation. Addition of 
dicarboxylate pendant arms further enhances their kinetic inertness. However, kinetic 
inertness data for Ga(IH) and In(IH) complexes are rare52 and very little is available for
their complexes of cross-bridged ligands. It was reported that Ga(NOTA) is stable in 5 M 
HNO3 for 6 months, stable in pH 12 for 10 days, while slowly decomposing in pH 13 
within weeks.52 The half-life of In(NOTA) is about 1 hour in 4M HNO3.52 As for
f\1 coGa(tach), it is stable in pH 6 with 10% decomposition in pH 4-5 within 8 days.
To predict and compare how complexes will survive in vivo, these 
decomplexation half-lives are useful first indicators for predictions. Complexes chosen 
for these acid decomplexation studies here are as follows: [GaCl2-CB-Cyclam]Cl,36 
[InBr2-CB-Cyclen]Br,36 [InBr2-CB-Cyclam]Br,36 [Ga-CB-DO2A]N03,37 [In-CB- 
D02A]C1, [In-CB-TE2A]CIO4, [Zn-CB-D02A] ,37 [Zn-CB-TE2A] ,43 [Cd-CB-D02A],43 
[Cd-CB-TE2A],43 [Hg-CB-D02A] and [Hg-CB-TE2A].43 Unlike Cu2+ complexes, the
50
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It was found that In-CB-Cyclen has a half-life of 1,069 hours (R2 >  0.99) in 0.97 N 
DCI/D2O at room temperature (Figure 3.2) but only 59(6) minutes (R2 >  0.99) at 90 °C 
(Figure 3.3).
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Figure 3.1 ’H NMR spectrum of (a) [InBr2-CB-Cyclen]Br in D2O (top); (b) [InBr2-CB- 
CyclenJBr in 0.97 N DCI/D2O after 50 % decomplexation (middle); (c) protonated CB- 











Figure 3.2 A kinetic plot of In (N/No) (see Experimental Section) vs. time for [InBr2-CB- 
CyclenJBr in 0.97 N DCI/D2O at room temperature.
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Figure 3.3 A kinetic plot of In (N/No) vs. time for [InBr2-CB-Cyclen]Br in 0.97 N 
DC1/D20  at 90 °C.
The same peak assignments for the decomposed complex of In-CB-Cyclen were 
applied in 5.05 N DC1/D20  since they have the same 'H NMR spectra as the protonated 
ligand in 0.97 N DC1/D20 . It was found that In-CB-Cyclen has a half-life o f 43.34 hours 
(R2 >  0.99) in 5.05 N DC1/D20  at room temperature, while it is almost completely 
destroyed in less than 5 minutes in 5.05 N DC1/D20  at 90 °C (Figure 3.4).
Unlike the well-resolved 'H NMR spectrum (Figure 3.5(a)) of In-CB-Cyclam in 
D20 , the free ligand CB-Cyclam showed broad peaks in 0.97 N DC1/D20  (Figure 3.5(c)). 
As a result, the decomplexation cannot be quantified by integration due to the broad 
peaks also shown in Figure 3.5(b). Fortunately, in the *H NMR spectra of protonated 
CB-Cyclam and In-CB-Cyclam in 5.05 N DC1/D20 , the most upfield equatorial and axial
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Figure 3.4 A kinetic plot of In (N/No) vs. time for [InBr2-CB-Cyclen]Br in 5.05 N 
DCI/D2O at room temperature.
protons of the P-methylenes (CH^Hox) for In-CB-Cyclam are well-separated, whereas all 
P-methylene protons are at lower field and overlapping for protonated CB-Cyclam 
(Figure 3.6). In-CB-Cyclam was found to be at least 97% intact after over 3 weeks in
5.05 N DCI/D2O at room temperature, assuming a *H NMR detection limit of 3%. 
Furthermore, 63.5% of In-CB-Cyclam was decomplexed after 20 hours in 5.05 N 
DCI/D2O at 90 °C. The same upfield integration ratio of the residual complex and the 
protonated ligand was also used for Ga-CB-Cyclam in 5.05 N DCI/D2O. Ga-CB-Cyclam 
was found to be at least 97% intact in 5.05 N DCI/D2O at 90 °C after over 1 month 
(Figure 3.7).
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Figure 3.5 ’H NMR spectrum in 0.97 N DCI/D2O of (a) [InBr2-CB-Cyclam]Br after 3 
weeks at room temperature (top); (b) [InBr2-CB-Cyclam]Br at 90°C (middle); (c) 
protonated CB-cyclam (bottom).
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Figure 3.6 'H NMR spectrum in 5.05 N DCI/D2O of (a) [InBr2-CB-Cyclam]Br after 3 
weeks at room temperature (top); (b) protonated CB-cyclam (bottom).
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Figure 3.7 'H NMR spectrum in 5.05 N DCI/D2O of (a) [GaBr2-CB-Cyclam]Br after 1 
month at 90 °C (top); (b) protonated CB-cyclam (bottom).
The two added carboxymethyl pendant arms in CB-D02A are expected to 
significantly increase the kinetic inertness of its metal complexes. Unlike the singlet 
resonance for the methylene protons of the CH2COO arms in the *H NMR spectrum for 
the free ligand CB-D02A, an AB pattern with an additional long-range W-coupling to 
the B proton for the [Ga-CB-D0 2 A]N(>3 complex was observed. There is no dynamic 
broadening of this pattern up to 87(2) °C.37(a) This AB pattern with a little more 
complicated split for the C2-symmetric [Ga-CB-D0 2 A]N0 3  complex was essentially 
unchanged in 0.97 N DCI/D2O at room temperature after 8 months except for a very 
small singlet at 8 4.17 assignable to the protonated ligand (Figure 3.8(b)). Integration of 
the pendant-arm CH2 proton resonance versus this small singlet at 8 4.17 indicated about 
~1% decomplexation. It is intriguing that this pendant-arm CH2 proton resonance pattern 
disappeared after 2 days at 90 °C (Figure 3.8(c)). This phenomenon was previously
56
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Figure 3.8 ’H NMR spectra of (a) [Ga-CB-D02A]N03 in D20  (top); (b) [Ga-CB 
D02A]N03 in 0.97 N DCI/D2O at room temperature after 8 months (second from top); (c) 
[Ga-CB-D02A]N03 in 0.97 N DCI/D2O at 90 °C after 2 months (third from top); (d) 
protonated CB-D02A in 0.97 N DCI/D2O (bottom).
reported for [Ga-CB-D02A]N03 in D20  and explained as a consequence of significant 
H/D exchange.37 Besides the absence of the pendant-arm CH2 proton resonance pattern 
and the appearance of a downfleld singlet, perhaps from the protonated ligand, the rest of 
the resonances are little changed, suggesting that the half-life for [Ga-CB-D02A]N03 is 
significantly more than 2 months even in 0.97 N DCI/D2O at 90 °C (Figure 3.8(c)). Note
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that the assignment of this small singlet for the protonated ligand may be problematic due 
to the facile H/D change of the pendant-arm CH2 protons to CD2 in the complex which 
should result in no pendant-arm proton resonance for either the decomplexed and 
protonated ligand.
A similar assignment in the *H NMR spectrum of [In-CB-D02A]C1 was used as 
the complete disappearance of the nominal AB pattern of the pendant-arm methylene 
protons was also observed in 0.97 N DCI/D2O at 90 °C after 12 days. It was found that 
there is only about 16.65% decomposition after 34 days by using the integration 
difference (for complex: 18H between 5 3.14-3.62; 2H between 8 2.94-3.05) of their 'H 
NMR spectra, suggesting that the half-life for [In-CB-D02A]C1 is longer than 34 days in 
0.97 N DC1/D20  at 90 °C.
Figure 3.9 'H NMR spectrum of (a) [In-CB-D02A]C1 in D2O (top); (b) [In-CB- 
D02AJC1 in 0.97 N DCI/D2O at 90 °C after 34 days (middle); (c) protonated CB-D02A 
in 0.97 N DC1/D20  (bottom).
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As described above, the disappearance of the nominal AB pattern of the pendant-
arm methylene protons was observed for both [Ga-CB-D0 2 A]N03  and [In-CB-D02A]C1 
in D2O due to H/D exchange over time, suggesting that these protons are acidic to some 
extent. Consistent with this, this exchange takes longer for [In-CB-D02A]C1 in a 
DCI/D2O solution at 90 °C than for [Ga-CB-D0 2 A]NC>3 due to the less acidic methylene 
protons for indium complex. With the AB pattern diminishing over time, two different 
singlets remained and then completely disappeared, indicating that the two diastereotopic 
protons on the same arm was exchanged respectively first, then the other (Figure 3.10). 
A series of 'H  NMR spectra of the proposed H/D exchange of the methylene protons on 
the CH2COO arms for [In-CB-D02A]C1 are shown in Figure 3.11.
Because [Ga-CB-D0 2 A]NC>3 and [In-CB-D02A]C1 are so kinetically inert and 
have very long half-lives, harsher condition will be necessary to hasten this acid- 
promoted decomplexation process. Unfortunately, poor solubility of both [Ga-CB- 
D0 2 A]N03  and [In-CB-D02A]C1 in 5.05 N DCI/D2O limited further investigations. In 
addition, the *H NMR spectrum of [In-CB-TE2A]C104 also showed broad peaks in D2O 
as well as 0.97 N DCI/D2O, further inhibiting possible kinetic inertness studies.
Figure 3.10 H/D exchange for two diastereotopic pendant-arm methylene protons.
H H H  D D H
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before at 90 °C







3  . SO
Figure 3.11 H/D exchange of the methylene protons on the CH2COO arms of [In-CB- 
D02AJC1 in 0.97 N DCI/D2O at 90 °C over time.
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3.2.2 Relative Kinetic Inertness of Z n(II), C d (II) and H g(II) Complexes
In order to compare the relative kinetic inertness of Zn( I I ), Cd( I I ) and Hg( I I )
complexes with Ga(III) and In(HI) complexes, 0.97 N DCI/D2O or 5.05 N DCI/D2O at
room temperature or 90 °C were used instead of the pH 5 buffered solution used
previously for divalent metal complexes o f cross-bridged ligands by Niu .43 The 
complexes studied include: [Zn-CB-D02A], [Zn-CB-TE2A], [Cd-CB-D02A], [Cd-CB- 
TE2A], [Hg-CB-D02A] and [Hg-CB-TE2A].
Unlike the AB pattern for the methylene protons of the CH2COO pendant arms 
for the C2 symmetric [Ga-CB-D0 2 A]N0 3 , time-average C& symmetric Zn-CB-D02A 
showed a singlet at 8 3.6 in its !H NMR spectrum in D2O at room temperature.37 The 
integration of this singlet versus that from protonated CB-D02A at 8 4.17
A ____________
 . aK K a
Figure 3.12 JH NMR spectra of (a) [Zn-CB-D02A] in D20  (top); (b) [Zn-CB-D02A] in 
0.97 N DCI/D2O at room temperature after 4 minutes (middle); (c) protonated CB-D02A 
in 0.97 N DCI/D2O (bottom). (HOD peak is not shown.)
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Figure 3.13 A kinetic plot of In (N/N0) vs. time for [Zn-CB-D02A] in 0.97 N DC1/D20  
at room temperature.
can be used to monitor this decomplexation process (Figure 3.12). Thus, Zn-CB-D02A 
has a half-life of 19(2) minutes (R2 >  0.98, Figure 3.13) in 0.97 N DCI/D2O at room 
temperature. However, it was completely destroyed within 5 minutes in 5.05 N DCI/D2O. 
It is worth mentioning that there is no H/D exchange observed for the pendant-arm 
methylene protons of Zn-CB-D02A probably due to the much less acidic arm-methylene 
protons for Zn complex and fast complete decomposition in about 90 mins.
By contrast, the Zn-CB-TE2A complex showed remarkable kinetic inertness 
towards acid-assisted decomplexation. Unlike Zn-CB-D02A, Zn-CB-TE2A was only 
slowly decomposed in 0.97 N DCI/D2O at room temperature with 72% complex 
remaining even after 71 days (Figure 3.14). The most upfield multiplet of a doublet of
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Figure 3.14 'H NMR spectra of (a) [Zn-CB-TE2A] in D20  (top); (b) [Zn-CB-TE2A] in 
0.97 N DC1/D20  at room temperature after 71 days (middle); (c) protonated CB-TE2A 
(bottom) in 0.97 N DC1/D20 .
pentets belonging to the equatorial p-methylene protons can be used to quantify the ratio 
of residual complex and the decomplexed, protonated ligand. For partly decomplexed 
solution, two sets of an approximate doublet of pentets in the most upfield region are 
shown in 0.97 N DC1/D20 . The data yielded a half-life of 49(6) minutes (R2 >  0.99, 
Figure 3.15) at 90 °C. The same assignment for Zn-CB-TE2A was used in 5.05 N 
DC1/D20  (Figure 3.16). It was found that Zn-CB-TE2A has a half life of 104 hours (R2 
>  0.99, Figure 3.17) at room temperature. However, it was also essentially completely 
decomplexed within 5 minutes at 90 °C.
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Figure 3.16 *H NMR spectra in 5.05 N DC1/D20  of (a) [Zn-CB-TE2A] (top); (b) 
protonated CB-TE2A (bottom).
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Figure 3.17 A kinetic plot of In (N/No) vs. time for Zn-CB-TE2A in 5.05 N DCI/D2O at 
room temperature.
The 'H  NMR spectrum of Cd-CB-D02A in D2O showed satellites around the 
singlet resonance of the methylene protons from the CH2COO arms (Figure 3.18(a)). 
Both the disappearance of these satellites and the appearance of a singlet for the 
protonated ligand at 8 4.17 can be used to monitor this decomplexation process. Cd-CB- 
D02A was found to completely decompose within 6 minutes in 0.97 N DCI/D2O at room 
temperature (Figure 3.18).
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Figure 3.18 H NMR spectrum of (a) Cd-CB-D02A in D2O (top); (b) Cd-CB-D02A in
0.97 N DCI/D2O after 6 minutes at room temperature (middle); (c) protonated CB-D02A 
in 0.97 N DCI/D2O (bottom).
In the 'H NMR spectrum of Cd-CB-TE2A in 5.05 N DCI/D2O, the most upfield 
multiplet of a doublet of pentets belonging to the equatorial p-methylene protons can be 
used to monitor the acid decomplexation. It was found that Cd-CB-TE2A was completely 
decomplexed within 5 minutes at room temperature (Figure 3.19).
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Figure 3.19 ]H NMR spectra of (a) [Cd-CB-TE2A] in D20  (top); (b) [Cd-CB-TE2A] in 
5.05 N DCI/D2O after 5 minutes at room temperature (middle); (c) protonated CB-TE2A 
in 5.05 N DC1/D20  (bottom).
3.2.3 NH/ND Exchange for Ga(HI) and In(HI) Cross-bridged Complexes
NH/ND exchange was observed at the secondary N-H sites for all Ga(IH), In(ID), 
Zn(II), Cd(H) and Hg(II) complexes of cross-bridged cyclam and cyclen in D20  or 
CD3OD (Figure 3.20).36,40 The half-lives o f this NH/ND exchange for Zn( I I ), Cd( I I ) 
and Hg( I I ) complexes followed a pseudo-first order process and were previously 
determined by Niu.43 These exchange rates follow the order: Hg( n ) >  Cd( II) >  Zn( I I ). 
Two possible mechanisms were proposed (Figure 3.21).
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Figure 3.20 NH/ND Exchange in D2O or CD3OD.
Mechanism 1
Mechanism 2
Figure 3.21 Possible mechanisms for NH/ND Exchange in D2O and CD3OD.
In Mechanism 1, the more labile complex with its weaker metal-nitrogen bonds 
will result in the faster exchange. When Mechanism 2 is operating, the strong metal- 
nitrogen bond and more acidic protons should result in faster exchange. From Niu’s 
NH/ND exchange rates for Zn( I I ), Cd( I I ) and Hg( H ) complexes o f cross-bridged 
cyclam and cyclen, the exchange rate for the Hg( II) complex was fastest and Mechanism 
1 is more consistent with the data.
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In order to test the NH/ND exchange rates for gallium(IH ) and indium(III) 
complexes, the 'H NMR spectra of [GaCl2-CB-Cyclam]Cl, [InBr2-CB-Cyclen]Br and 
[InBr2-CB-Cyclam]Br in D2O were investigated. Broad downfield N-H broad resonances 
were initially observed in the *H NMR spectra in D2O (Figure 3.22(a) and 3.23(a)). It 
was found that the NH/ND exchanges of both In-CB-Cyclen and In-CB-Cyclam in D2O 
were completed within 4 days, whereas this exchange for Ga-CB- Cyclam was completed
T T3
Figure 3.22 ]H NMR spectrum of [InBr2-CB-Cyclen]Br at room temperature (a) in D2O 
after 5 minutes (top); (b) in D2O after 4 days (middle); (c) in 0.97 N DCI/D2O after 43 
days (bottom).
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Figure 3.23 !H NMR spectrum of Ga-CB-Cyclam at room temperature (a) in D2O after 5 
minutes (top); (b) in D2O after 1 day (middle); (c) in 0.97 N DCI/D2O after 16 days 
(bottom).
in 1 day (Figure 3.22(b) and 3.23(b)). The results show that the NH/ND exchange for 
[GaCl2-CB-Cyclam]Cl is faster than for [InBr2-CB-Cyclen]Br and [InBr2-CB-Cyclam]Br. 
Thus, the proposed Mechanism 2 (Figure 3.21) may be applicable in this case since the 
stronger interaction between gallium(IH) and nitrogen should lead to a weaker nitrogen- 
hydrogen bond.
Also, in accord with Mechanism 2, when these NH/ND exchange processes are 
compared to those in acidic D2O solution, it was found that the NH/ND exchange was 
much slower in acidic solution than in D2O for each complex. The broad downfield N-H
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proton resonance for In-CB-Cyclen in 0.97 N DCI/D2O at room temperature was still 
observed after 43 days (Figure 3.22(c)), and after 16 days for Ga-CB-Cyclam (Figure 
3.23(c)). In addition, as mentioned above in Chapter 2 (2.2.6), 6  equivalents of sodium 
carbonate exchanged the NH protons completely in 5 minutes, whereas 20 equivalent of 
sodium acetate did so in several hours, suggesting that base-catalyzed NH/ND exchange 
is much faster than neutral or acid-catalyzed exchange. A plausible reason for the faster 
NH/ND exchange in D2O than in acidic solution is because the N-H protons o f these are 
acidic enough to be deprotonated by D2O as the base-catalyst. The relative rates of these 
exchanges thus follow the order: basic condition >  neutral condition >  acidic condition.
3.3 Summary and Discussion
To describe the fit of a metal cation in a particular ligand cavity, an ideal Nax-M- 
Nax angle is 180° and the N eq-M-Neq angle is 90° for pseudo-octahedral or square 
pyramidal geometries (Figure 3.24). Metal cation radii for 6 -coordinate, octahedral 
coordination, and the N-M-N angles of selected complexes from X-ray structure 
data36,37,40 are summarized in Tables 3.1 and 3.2.
Figure 3.24 (a) Coordination geometry of a metal complex of the cross-bridged ligand, 
(left); (b) axial and equatorial ideal angles for a metal complex.
Ideal angle for: 
ZN^-M-N^: 180°
Z N e,-M-Ne?: 90°
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Table 3.2 X-ray structural data.







Half-lives are useful indicators for predicting how long the complex will remain 
intact under forcing decomplexation conditions. The primary error in these half-life 
calculations is most likely associated with any temperature variation, especially those 
kinetic experiments performed at room temperature. The half-life data are summarized in 
Table 3.3. It is obvious that the kinetic inertness (Table 3.3) of metal complexes in the 
same group decrease with increasing metal cation size and resulting distorted solid state 
coordination geometries (Table 3.1 and 3.2). Furthermore, Ga(IE) and In(HI) complexes 
are more kinetically inert than Zn( n  ), Cd( II) and Hg( II) complexes even for some with
more distorted geometries due to the higher positive charge and resulting stronger 
interaction between the ligand and metal cation. From the half-life data o f the complexes 
of CB-Cyclam, the kinetic inertness follows the order: Ga-CB-Cyclam >  >  In-CB-
Cyclam >  Cu-CB-Cyclam >  Zn-CB-Cyclam. In addition, the remarkably increased
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kinetic stability from adding two CH2COO pendant arms was confirmed by the data of 
In-CB-Cyclen vs. In-CB-D02A in 1 N DC1/D20  at 90 °C, Zn-CB-Cyclam vs. Zn-CB- 
TE2A in 5.05 N DC1/D20  at RT, as well as other complexes.
Table 3.3 Half-lives of selected metal complexes.
~  1 N DC1/D20  
at RT
~ 1 N DC1/D20  
at 90°C
~  5 N DC1/D20  
at RT
~  5 N DC1/D20  
at 90°C
In-CB-Cyclen 1069 hours 59(6) mins* 43.34 hours <  5 mins
In-CB-Cyclam >  3 weeks — >  3 weeks <  20 hours
In-CB-D02A — >  1 month Poor solubility
In-CB-TE2A Broad peaks
Ga-CB-Cyclam — — — >  1 month*
Ga-CB-D02A >  8 months >  3 months Poor solubility
Zn-CB-D02A 19(2) mins* — <  5 mins —
Zn-CB-TE2A > 7 1  days 49(6) mins* 104 hours <  5 mins
Cd-CB-D02A <  5 mins — — —
Cd-CB-TE2A <  5 mins —
Hg-CB-D02A <  5 mins — — —
Hg-CB-TE2A <  5 mins —
C u-T E T A 43’51(c) 3.5(2) days 4.5(5) mins
Cu-CB-Cyclam43,51(c) 18.5(7) days 11.8(2) mins
C u-CB-D0 2A 43,5i(c) 4.0(1) hour <  2 mins
C u-CB-TE2A43'51(c) >  2.5*104hrs 154(6) hours
Zn-CB-Cyclam43'51(c) <  3 mins
* denotes duplicated experiments while the others have only been performed once.
A possible acid-assisted decomplexation mechanism is shown in Figure 3.25. The 
first critical step is the breaking of the metal-nitrogen bond, which depend on how strong 
the interaction is between metal cation and the nitrogen donor o f the ligand. The second 
step depends on the competition between the proton and the metal cation for the nitrogen
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donor. Once mono- or even di-protonation occurs, the subsequent decomplexation may 
be very fast.
Figure 3.25 Proposed acid-promoted decomplexation mechanism for Cu-CB-Cyclam.
The apparent switch from Mechanism 1 for Zn( I I ), Cd( E ) and Hg( E )
most likely originates from higher charge and Lewis acidity of the group 13 cations.
3.4 Conclusions and Future W ork
The metal complexes of cross-bridged tetraazamacrocycles indeed exhibit 
remarkable kinetic inertness under harsh acidic conditions compared to other complexes 
of polyamines due to the difficulty of stepwise donor dissociation of these topologically 
constrained ligands. The combination of a cross-bridged cyclam backbone with two 
carboxymethyl pendant arms additionally stabilizes the complex. This remarkable kinetic
complexes in their NH/ND exchange to Mechanism 2 for Ga(m) and In(IH) complexes
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inertness has correlated well with the improved in vivo performance o f several copper( n  ) 
complexes as potential radio-pharmaceuticals.54
It was reported that 67Ga(tach) was 10% composition in pH 4-5 within 8 days and 
In(NOTA) decomposed in pH 0 ~ -0.6 nitric acid within hours.52 Compared with 
67Ga(tach) and In(NOTA), Ga(lII) and In(IH) complexes of cross-bridged ligands indeed
show remarkable kinetic inertness under harsh acidic conditions.
The relative kinetic inertness as gauged from half-lives also correlates with 
respective solid-state structures of the complexes, especially for metal complexes within 
the same group. For example, the larger In3+ ion does not fit well in cross-bridged cyclam 
compared to the smaller Ga3+ ion as seen in their of Nax-M-Nax and N eq-M -Neq angles 
(Table 3.2). However, despite a poorer fit, In-CB-cyclen even showed higher kinetic 
inertness than Zn-CB-D02A. In general, for a given cationic size, the inertness of the 
complex increases with its charge. In addition, the NH/ND exchange data o f Ga(III) and 
In(III) complexes confirmed that the N-H protons on the metal complexes of the CB- 
Cyclen and CB-Cyclam are indeed acidic as the exchange rates follow the order: basic >  
neutral >  acidic condition.
To further investigate H/D exchange for the protons of the CH2COO pendant 
arms of Ga-CB-D02A and In-CB-D02A complexes, more experiments need to be 
carried out in D2O at various pH’s.
Since many of these preliminary acid-promoted decomplexation studies were just 
performed once or repeated once, more repeated experiments are needed to ensure their 
accuracy. Finally, due to significant impurities contained in the Ga-CB-Cyclen sample, 
there was no kinetic data produced.
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3.5 Experimental Section for Kinetic Studies
Complexes for acid decomplexation studies were prepared according to known 
procedures: [GaCl2-CB-Cyclam]Cl,36 [InBr2-CB-Cyclen]Br,36 [InBr2-CB-Cyclam]Br,36 
[Ga-CB-D02A]N03,37 [In-CB-D02A]C1, [In-CB-TE2A]C104, [Zn-CB-D02A],37 [Zn- 
CB-TE2A],43 [Cd-CB-D02A],43 [Cd-CB-TE2A],43 [Hg-CB-D02A] and [Hg-CB- 
TE2A].43 Proton NMR spectra of these complexes recorded at specific time intervals 
were used to monitor their decomplexation in acidic D2O (0.97 M and 5.05 M DCI/D2O) 
at room temperature and 90 °C. While [InBr2-CB-Cyclen]Br and [Zn-CB-TE2A] 90 °C 
data were directly acquired on the 400 MHz NMR spectrometer (Varian Inova-400), 
other high-temperature data were collected on batch samples placed in a constant- 
temperature water-bath. The NMR probe temperature was calibrated using neat ethylene 
glycol.56 Each solution sample was kept in a NMR tube sealed with a cap, Teflon tape 
and parafilm. Complex concentrations were between 0.027 and 0.037 M. The integration 
of the decreasing signals for the bound ligand and the increasing signals for the 
protonated, uncomplexed ligand were used to monitor and quantify the decomplexation. 
Half-lives were calculated from the slopes of the linear plots (In (N/No) vs. time) since 
the decomplexation process can be assumed to be pseudo-first order. (N is the 
intergration of the remaining complex and No is the integration sum of protonated ligand 
and the remaining complex.) All acid-promoted decomplexations were monitored till at 
least 75% complex decomposition to ensure accurate results.
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CHAPTER IV
EXPERIMENTAL SECTION
General Methods and Materials
Unless indicated otherwise, !H and ^C l'H } NMR spectra were recorded with a 
Varian Inova-400 spectrometer and referenced against internal TMS. MeCN was used as 
the secondary internal standard for NMR spectra of D2O solutions; the methyl resonance 
was set at 8 2.06 and 8  1.7 for *H and 13C{*H} spectra, respectively. Variable- 
temperature *H and 13C{'H} NMR spectral studies were carried out with the Varian 
Inova-400. For high-temperature studies, the probe temperature was calculated from the 
chemical shift difference between the proton signals of neat ethylene glycol.56 IR spectra 
were recorded as KBr pellets on a Thermo-Nicolet 205 Fourier-Transform spectrometer. 
Mass spectral data were collected using positive mode on a ThermoFinnigan LCQ-ESI 
classic mass spectrometer at the Center for Structural Biology, University o f New 
Hampshire. Reactions were run under nitrogen atmosphere with magnetic stirring. Bulk 
solvent removal was by rotary evaporation under reduced pressure and trace solvent 
removal from solids was by vacuum pump. All solvents were reagent grade and were 
dried, when necessary, by accepted procedures.57
Unless otherwise noted, all reactions were run in oven-dried glassware and stirred 
with teflon-coated magnetic stir-bars. Cross-bridged ligands used (Figure 2.1) were 
prepared according to literature procedures.31'34’42 All complexes o f cross-bridged
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tetraazamacrocyclic ligands were prepared according to our published literature 
procedures: [InBr2-CB-Cyclam]Br, [GaCl2-CB-Cyclam]Cl and [Ga-CB-D02A]N03.36’37(a)
[In-CB-D02A • NaOAc]BPh4
The same method to prepare [Ga-CB-D0 2 A]N03  developed by Weijun Niu was used.37(a) 
To a MeOH solution (8 mL) of H2-CB-D02 A • 4TF A (858 mg, 1.11 mmol) and In(N03)3
hydrate (480 mg, 1.23 mmol) was added the MeOH solution (4 mL) of sodium acetate 
(1.7 g, 13.04 mmol) in one portion. After 4 days of refluxing, the insoluble solid was 
centrifuged and decanted off from the supernatant. Addition of a saturated MeOH 
solution (3 mL) of sodium tetraphenylborate to the supernatant precipitated 616 mg (67 
%) of a white crystalline solid. IR (KBr): vc=o: 1659.2, 1620.9 cm'1. NMR (399.75 
MHz, CD3CN) 5 3.57 (s, CH2COO, 4H), 3.39-3.22 (m, 6H), 3.14-2.90 (m, 12H), 2.82- 
2.76 (dd, 2H); ^C^H } NMR (100.52 MHz, CD3CN) 6 177.71 (CH2COO), 174.93 
(CH3COO), 65.23, 61.18, 58.54, 57.11, 54.82, 49.43, 47.98, 23.46 (CH3COO). Anal. 
Calcd for C ^ILvN ^InN aB : C, 57.99; H, 5.72; N, 6.76. Found: C, 55.92; H, 5.97; N, 
6.41. The FAB+ mass spectrum exhibited a major peak at m/z = 509.08 for [In-CB- 
D02 A-N aO Ac]+ ([C16H27N406NaIn]+).
[In-CB-D02A]Cl(HCl)3(NaCl)2
To a CH3CN solution (4 mL) of [In-CB-D0 2 A-Na0 Ac]BPh4 (140 mg, 0.17 mmol), a 
volume of 1 mL of concentrated HC1 was added to precipitate 33 mg (42 %) of a white 
solid. IR (KBr): 1726.8 (vcoo), 1478.3, 1417.5, 1402.9, 1312.6, 1200.5, 1171.1, 1100.5,
1061.5, 1017.9, 881.06, 824.57, 769, 706.77 cm '1. lU NMR (399.75 MHz, D20 ) 8 3.74
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(AB pattern of CH2COO, J = 15.9 Hz, 4H), 3.62-3.44 (m, 6H), 3.36-3.12 (m, 12H), 2.98- 
2.90 (dd, J = 5.46 Hz, 2H); u C{lU} NMR (100.52 MHz, D20 )  5 177.46 (CH2COO), 
64.23 (CH2COO), 61.03, 58.07, 56.98, 53.86, 49.78, 47.83. Anal. Calcd for 
Ci4H24N404 ln(HCl)3(NaCl)2: C, 24.41; H, 3.95; N, 8.13. Found C, 24.48; H, 3.92; N, 
8.12. MS (ESI, positive mode): m/z = 485.2 for {[In-CB-D02A]C1 + Na}+ 
([C14H24N40 4InClNa]+) and m/z = A ll  2  for [In-CB-D02A]+ ([Ci4H24N40 4In]+).
|InBr2-Et2-CB-TE2A]Br • H2()
To a MeCN solution (40mL) of [InBr2-CB-Cyclam]Br (562.6 mg, 0.97 mmol) and 
Na2CC>3 (1.038 g, 9.8 mmol), ethyl bromoacetate (0.42 mL, 3.79 mmol) was added. This 
milky mixture was refluxed for 4 days. The insoluble solid was centrifuged and decanted 
off from the solution. The supernatant was separated and evaporated to dryness to give 
the crude product. The crude product was washed by diethyl ether (20mLx3) to give 561 
mg (77%) of an off-white solid after drying. IR (KBr): 2978.6, 2938.0, 1740 (vc=o), 
1495.9, 1465.5, 1423.5, 1381.6, 1201.6, 1087.0, 1059.7, 1021.7, 985.24 cm'1. ’H NMR 
(399.75 MHz, CD3CN) 8 4.32 (d, 2H, J = 17.34 Hz, NCHaHxCO^, 4.16 (q, 4H, 
COOCH2), 3.81 (d, 2H, J = 17.54 Hz, NCH aH xC02), 3.64-3.52 (br t, 6H, J = 13.65 Hz), 
3.48-3.33 (m, 8H), 3.3-3.18 (m, 2H), 3.0-2.92 (br d, 2H), 2.2.74-2.65 (m, 2H), 2.42-2.28 
(~qm, 2H, J ~ 15.4 Hz, CH2CHe?H^CH2), 1.84-1.76 (dm, 2H, J = 17.93 Hz,
CH2CH6aHaxCH2), 1.25 (t, 6H, COOCH2CH3); ’^ { ‘H} NMR (100.52 MHz, CD3CN) 8 
168.46, 62.24 (OCH2CH3), 60.04, 57.74 (CH2COO), 56.22, 54.91, 49.50, 46.70, 23.79 
(CH2CH2CH2), 14.41 (OC.H2CH3). Anal. Calcd for C2oH3gN40 4InBr3 • H20 : C, 31.15; H,
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5.23; N, 7.27. Found: C, 30.78; H, 5.22; N, 6.97. MS (ESI, positive mode): m/z = 673.2 
for [InBr2-Et2-CB-TE2A]+ ([C2oH38N40 4 lnBr2] +).
[In-CB-TE2 A] C104
To a deionized aqueous solution (10 mL) of [InBr2-Et2-CB-TE2A]Br (223 mg, 0.3 mmol), 
a volume of 0.57 mL of an aqueous solution of NaOH (1.0441 N) was added to form a 
clear solution. This was refluxed for 24 hours and then evaporated to dryness to give the 
crude product. To the ethanol solution (2 mL) of the crude product, a saturated ethanol 
solution (2 mL) of sodium perchlorate was added to precipitate 128 mg (78 %) of a white 
solid after drying. IR (KBr): 1643.0, 1635.1, 1626.9, 1144.9, 1089.8 cm"1. *H NMR 
(399.75 MHz, D20 )  6 4.06-2.88 (broad), 2.66-2.50 (~qm, 2H, CH2CHe<7HffiCH2), 1.96-
1.86 (dm, 2H, CHzCHegHoxCFh); 13C{'H} NMR (100.52 MHz, D20 )  8 176.60, 63.35, 
63.31, 58.49, 58.35, 50.80, 50.72, 50.67, 50.61, 50.55, 50.38, 49.93, 49.89, 49.66, 22.60, 
22.49.; in D20  at 85°C: 175.65, 63.84, 59.66, 59.51, 58.42, 52.12, 50.03, 23.00. MS (ESI, 
positive mode): m/z = 455.3 for [In-CB-TE2A]+ ([Ci6H28N404ln ]+).
[Hg-CB-D02A]
To a MeOH solution (14 mL) of HgCl2 (161 mg, 0.594 mmol) and CB-D02A.2TFA (149 
mg, 0.27 mmol), a volume of 1.1 mL of an aqueous solution of NaOH (1.0441 N) was 
added to form a cloudy solution. This mixture was refluxed for 48 hours, and then 
centrifuged to remove some white insoluble precipitate. Et20  vapor diffusion into this 
supernatant yielded 102 mg (74 %) of a white crystalline solid. IR (KBr): 1577.7, 1569.9,
1399.5, 1096.7, 1029.8 cm'1. ]H NMR (399.75 MHz, D20 )  8 3.48 (4H, s, CH2COO,
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199Hg satellite, J = 30.2 Hz), 2.92 (4H, s, cross-bridging CH2CH2, 199Hg satellite, J -  26.0 
Hz); 13C{'H} NMR (100.52 MHz, D20 ) 8 178.40 (I99Hg satellite, J = 11.7 Hz), 64.77 
(199Hg satellite, J = 5.4 H z), 60.15 (199Hg satellite, J = 8.9 Hz), 57.01 (199Hg satellite, J = 
20.7 Hz), 46.27 (199Hg satellite, J = 22.9 Hz).
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